Mantle cell lymphoma (MCL) is a heterogeneous disease with high relapse rates. Limited data guide the use of surveillance imaging following treatment. We constructed a retrospective cohort from two academic institutions of patients with MCL who completed first-line therapy and underwent follow-up for relapse, analyzing the effect of surveillance imaging on survival. Of 217 patients, 102 had documented relapse, with 38 (37%) diagnosed by surveillance imaging and 64 (63%) by other methods. Relapse diagnosis by surveillance imaging had no significant advantage in overall survival from diagnosis date (hazard ratio [HR] = 0.80, p= .39) or relapse date (HR = 0.72, p= .22). Of 801 surveillance images, PET/CT had a positive predictive value (PPV) of 24% and number needed-to-scan/treat (NNT) of 51 to detect one relapse, and CT had a PPV of 49% and NNT of 24. For MCL after first-line therapy, relapse detection by surveillance imaging was not associated with improved survival and lacks clinical benefit.
Introduction
Mantle cell lymphoma (MCL) is an uncommon subtype of non-Hodgkin lymphoma (NHL) characterized by a heterogeneous presentation and disease course, ranging from indolent disease warranting watchful waiting to a highly aggressive malignancy with poorer prognosis. Although there is no standard approach to initial therapy, intensive cytarabinecontaining induction chemotherapy followed by autologous stem cell transplantation (ASCT) is associated with prolonged progression-free survival (PFS), with up to 75% of patients remaining in remission at 5 years [1] [2] [3] . Despite these results with initial induction therapy, most patients ultimately relapse. Some patients relapse shortly after therapy and have a poor prognosis [4, 5] , while others may relapse as late as 15 years after remission [2] . This heterogeneous pattern of relapse makes identification of a routine surveillance approach challenging for treating clinicians.
For MCL patients in first remission, one approach to surveillance involves routine imaging with positron emission tomography (PET) studies or computed tomography (CT) studies, but this modality lacks sufficient data supporting its routine use. In a series of 164 PET/CT images for 32 patients in first remission of MCL, it was estimated that the positive predictive value (PPV) for a PET/CT images is only 8% in first remission [6] . In addition, while some smaller studies have provided evidence against the predictive capabilities of PET/CT imaging in first remission [6] [7] [8] , no existing study has evaluated whether surveillance imaging improves patient outcomes such as overall survival (OS). Even with limited data suggesting a lack of clinical utility of PET/CT and CT in monitoring for relapse [6] [7] [8] , many patients with MCL likely continue to receive surveillance imaging following first remission.
Evaluation of the role of surveillance imaging in other lymphoma subtypes suggests no clear benefit for patients in first remission. For example, a recent ASH Choosing Wisely statement and a focused evidence-based review in Blood noted that surveillance imaging for the detection of asymptomatic relapse in diffuse large B-cell lymphoma (DLBCL) does not confer a survival benefit, with the overwhelming majority of relapses identified via development of clinical signs and symptoms rather than by detection on a routine scan [9] [10] [11] . As a result of these findings, guidelines for the management of DLBCL recommend against routine imaging [12, 13] , while guidelines on surveillance imaging in MCL are conflicting [12, 13] .
Given the lack of substantive data to guide surveillance approaches in MCL, we performed a multi-center study to describe the pattern of relapse in MCL patients in first remission, evaluated the performance of surveillance imaging in detection of relapse, and tested the impact of routine surveillance on patient survival.
Methods

Included patients
We included patients diagnosed with MCL between 1993 and 2015 who achieved a documented complete response, partial response, or stable disease after first treatment as assessed by radiologic or clinical assessment at either Emory University or the Ohio State University. Remission was determined by the treating clinician at the time using available criteria based on the imaging modality used to assess treatment response. Patients were excluded if they had incomplete or missing outcome data after their first treatment, if they had progressive disease after initial therapy, or if they never received therapy. This study was approved by the institutional review boards at both institutions, and consent was obtained where required.
We reviewed all included patients for any evidence of relapse of disease as well as for the method of relapse detection using clinician notes and radiologist reports. Among those patients with a detected relapse, the means of relapse detection were categorized as: clinical presentation; detection by surveillance imaging without associated signs or symptoms; or incidental finding following the methods described by Thompson et al. [10] . Detection of relapse by clinical presentation was defined as initial evidence of relapse stemming from a patient-reported symptom, physical exam finding, or abnormal lab value performed as part of a clinic visit. Relapse detection by surveillance imaging was defined as relapse identified by concerning findings on routine imaging in patients without any documented clinical signs or symptoms. Relapse detection by incidental finding was determined if testing or imaging performed for an unrelated complaint showed findings concerning for relapse, with subsequent testing confirming the presence of a true relapse. Neither of the two institutions participating had an institutional policy regarding surveillance imaging, and the schedule for such imaging was left to the discretion of the treating clinician. Data regarding the planned surveillance schedule employed for each patient were not consistently available for analysis, but typically imaging was more frequent in the two years after remission consistent with NCCN guidelines [13] .
Review of surveillance images
We reviewed reports from all imaging studies available at either academic institution performed after the documented date of treatment response and before the documented date of relapse or before the last date of follow up if no relapse of disease was documented. Imaging studies were determined to be either for surveillance purposes, as a response to a clinical sign/symptom, or as an evaluation for an unrelated purpose based on the radiology report and clinician notes. In this same manner, studies were categorized by imaging type, study indication, and final radiologic diagnosis.
Statistical considerations
There were three primary goals of the study. The first was to describe the disease course for MCL in first remission including patterns of relapse and methods of relapse detection. The second was to describe the basic performance characteristics of radiology imaging by assessing the rate of positive studies and the PPV of PET/CT and CT surveillance strategies. As MCL is such a heterogeneous disease and because surveillance imaging in remission is not well studied or understood, no data are available to guide in the definition of a false negative surveillance image. As such, this information was not collected and therefore imaging characteristics including negative predictive value, specificity, and sensitivity were not determined. The third goal was to determine whether any method of relapse detection was associated with a difference in OS from the date of first diagnosis of disease as well as from date of relapse detection.
Patients included in the study were stratified by whether they relapsed and by the method of relapse diagnosis. Demographic and clinical variables were tested between these subgroups using two-sided Student's t-test for binary variables and by the Mann-Whitley U test for categorical ordinal variables with significant defined at an alpha = 0.05. Patients were stratified into two groups based on method of relapse diagnosis, and survival analysis was performed using the Kaplan-Meier plots and hazard ratio (HR) analysis with significant defined at an alpha = 0.05. No adjustments for multiple testing were made as only one primary outcome involved statistical testing.
Results
A total of 289 MCL patients were initially identified, and 217 were included in the study. Of the 72 patients excluded, 56 were excluded because of inadequate treatment outcome data, 14 were excluded because they progressed on initial therapy, and two were excluded because they underwent watchful waiting with no treatment recorded. A total of 134 patients were from Emory University and 83 from the Ohio State University. The pattern of disease and relapse is further illustrated in Figure 1 .
Patient characteristics are summarized in Table 1 . Consistent with previously described demographics in MCL, most patients were male, and median age was 59 years (range: 33-81). Eighty-five (29%) patients received R-HyperCVAD (rituximab, hyperfractionated cyclophosphamide, vincristine, doxorubicin, dexamethasone alternating with methotrexate and cytarabine), and 118 (54%) patients underwent ASCT in first complete or partial remission. Patients had observations for a median of 4.5 years (range 0.3-21.7) after date of diagnosis. Cellular characteristics were not available for the majority of patients. Among those for whom it was, MIPI risk score was equally distributed between low, intermediate, and high risk while half of patients had a high Ki-67 proliferative index.
One hundred forty-one (65%) patients underwent at least one surveillance imaging exam at either academic institution, with a median of five imaging studies (range 1-19) obtained during monitoring after first remission. Patients received a median of 1.6 scans (range 0.1-4.7) per year of observation while in first remission. Rates were not significantly different between the two academic institutions and did not vary greatly over time based on date of original diagnosis.
One hundred fourteen (53%) patients suffered a documented relapse during clinical monitoring. The method of relapse detection could not be determined for 12 of those patients. Those who relapsed during observation were significantly more likely at diagnosis to have B-symptoms, splenomegaly, or bulky disease (largest lymph node >5 cm in largest dimension). Otherwise, there were no other significant differences in demographic or clinical variables for patients who relapsed (Table 1) . Over the study's time period, date of original diagnosis was associated with type of relapse diagnosis, with patients diagnosed prior to 2000 experiencing lower rates of diagnosis by surveillance imaging. However, this difference was not statistically significant.
Relapse was identified by surveillance imaging alone without any other documented clinical suspicion of relapse in 38 (37%) of the 102 patients with known method of relapse, while 64 (63%) presented initially with symptoms or signs concerning for relapse. There were no differences in assessed baseline characteristics among those patients whose relapse was detected by surveillance as compared to patients with a clinical presentation of relapse ( Table 1) .
Methods of surveillance and performance of radiographic studies
Among all patients, 863 radiographic studies were available for review (Table 2) . Routine surveillance was the indication for 801 of the studies; 59 were obtained following clinical presentation concerning for relapse; and three were performed for other indications with incidental findings concerning for MCL relapse. Of the 801 studies obtained for routine surveillance, 587 (73%) were CT scans and 205 (26%) were PET/CT scans. For CT scans, 49 out of 587 (8%) scans were read as concerning or definitive for relapse, and 24/49 led to a diagnosis of relapsed disease confirmed by biopsy or further imaging, leading to a PPV of 49%. Only 4% of scans obtained for surveillance purposes ultimately resulted in a diagnosis of relapse, with a number needed-to-scan/treat (NNT) of 24 surveillance CT scans to detect one asymptomatic relapse. For PET/CT scans, 18 out of 205 (8%) PET/CT scans were read as concerning or definitive for relapse, and 4/18 eventually led to a true diagnosis of relapsed disease for a PPV of 22%. The other 14/18 failed to show evidence of true relapse by biopsy (six patients), by repeat PET/CT imaging (four patients), by colonoscopy (one patient), or by watchful waiting (three patients) as ordered by the treating clinician. Watchful waiting for these three patients included two patients who went at least 2 years of observation without a diagnosis of relapse and one patient who died from causes unrelated to MCL 10 months after their PET/CT scan without a diagnosis of relapse. Only 2% of scans obtained for surveillance resulted in a diagnosis of relapse, with a NNT of 51 surveillance PET/CT scans to detect one asymptomatic relapse. Table 3 outlines survival analysis from time of original MCL diagnosis for demographic and clinical variables for patients who had a documented relapse during the study period. Among patients whose MCL relapsed during first remission, there was not a statistically significant difference in OS between those diagnosed by surveillance imaging and those diagnosed by clinical presentation or incidental finding in the Emory cohort, the OSU cohort, or the combined cohort (HR 0.74, 95% CI 0.40-1.35; Figure 2 ). Additionally, there was no significant difference in OS from relapse diagnosis date based on method of relapse detection ( Figure 3 ).
Outcomes for relapsed patients based on method of detection
All of the findings above were also separately analyzed in each individual academic institution with similar results. In both institutions, OS and survival from date of relapse were not significantly associated with method of relapse diagnosis, and both PET/CT and CT imaging modalities had low PPV and high NNT to detect one additional asymptomatic relapse (see Supplement).
Discussion
We examined the clinical utility of surveillance CT and PET/CT imaging in a large cohort of patients with MCL at an academic medical center and validated these findings in a second large cohort. We conclude that there is no survival advantage when relapse after first-line therapy is detected by surveillance imaging and that the use of routine surveillance imaging in MCL in first remission should be discouraged. Most patients experienced relapse within the study period with over one-third of these were diagnosed by surveillance imaging. Nonetheless, this provided no significant survival benefit for these patients and was likely associated with significant financial and emotional cost. Thus, the role of imaging should be limited to judicious use to confirm potential relapse when clinically suspected and to restaging patients with documented relapse, when appropriate.
When comparing the metrics of the different imaging modalities for surveillance, both performed poorly with PET/CT performing more poorly than CT alone. Due to a higher number of false positive results, PET/CT imaging had a relatively low PPV of 22% compared to 49% for CT imaging alone. In addition, the NNT to detect one asymptomatic relapse was 51 surveillance PET/CT studies compared to 24 for CT alone. Given the excess cost in time and money associated with PET/CT imaging, our results suggest that the role for routine PET/CT in the surveillance of MCL patients is limited in the absence of a unique clinical indication for a particular patient. Like for other forms of NHL and for many other malignancies, PET/CT should be reserved for staging/restaging and response assessment.
With regard to lymphoma, research efforts aimed at reducing or eliminating surveillance imaging have been directed at diseases with good outcomes in relapse. Our study is unique in that MCL has poor outcomes in relapse. In particular, the results of this study are comparable to similar studies in DLBCL but still show some fundamental differences. The MCL patients studied had a much higher incidence of relapse detection by surveillance imaging compared to DLBCL, likely related to the propensity for MCL to relapse at a higher rate than DLBCL even in patients achieving a CR or PR. Despite this, MCL patients who experienced relapse did not gain a survival benefit from surveillance imaging. Further investigation into this cohort would be required to fully understand why, but it could reflect that treatment options for relapsed MCL are limited and may not affect survival. It could also be that early detection of asymptomatic relapse may not be critical because it detects a more indolent subset of relapsed patients that would be reasonably managed by observation and who would not benefit from early initiation of salvage therapy.
Our study is limited by the heterogeneous therapies implemented over the 22-year timeline covered by this study, which could affect the treatment each patient received, how remission was diagnosed, and the methods and criteria for diagnosis relapse. In addition, these patients experienced a variety of surveillance imaging schedules and modalities, reflecting the lack of a standard approach to surveillance in this disease. The cohort followed is also only 217 total patients with only 102 experiencing a relapse during observation. Although this is the largest cohort to date evaluated in this way, the size of the cohort likely makes it difficult to detect minor differences in survival, and this study would benefit from validation in other cohorts. Additionally, the paucity of prognostic information for patients at the time of initial diagnosis, specifically the lack of Ki67 percentages and MIPI scores, does not allow the cohort to be evaluated for significant differences in baseline characteristics relative to method of relapse diagnosis method.
Another potential limitation of this design evaluating a screening test is lead-time bias, where the survival after relapse diagnosis appears improved after earlier detection because relapsed disease is diagnosed in an earlier stage. However, we evaluated OS from time of original diagnosis, which would not be susceptible to this bias (Figure 2 ). In addition, such a lead-time bias would have been apparent in an improved OS from time of relapse diagnosis (Figure 3 ). While Figure 3 shows some visual separation, it still shows an insignificant difference in survival in agreement with Figure 2 .
In summary, while great progress has been made in the diagnosis and treatment of MCL producing high remission rates and prolonged remission periods, successfully treated patients remain at significant risk of relapse even 15 years after treatment, as shown by this study and by others [2] . Prolonged radiographic surveillance is expensive, of unclear benefit, and associated with known risks of radiation and patient anxiety [9] . Even if relapse can be diagnosed, there is a need for improved therapies before meaningful advances in survival after relapse can be achieved. As the options for salvage therapy change in the future, the issue of early detection of asymptomatic relapse will likely change. However, in the current landscape of MCL in remission, the results of our study provide clinicians evidence to change practice patterns and to avoid routine surveillance radiologic imaging in patients with MCL in favor of alternative surveillance strategies with better supporting data. One such alternative approach is molecular monitoring of minimal residual disease in the blood or bone marrow, which has been demonstrated to predict OS in MCL patients in first remission [14] [15] [16] but which has not been widely adopted yet. While further evaluation is required to confirm our findings and to determine the optimal surveillance strategy, this analysis generated the largest retrospective study of patients with MCL undergoing surveillance and still provided no evidence for clinical benefit for surveillance imaging. This is the strongest support yet for a recommendation to avoid imaging as a method of surveillance for patients with MCL in first remission.
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